The technique of azimuth multichannel synthetic aperture radar (SAR) system has become a potential solution to the irreconcilable conflict between high-resolution and wide-swath (HRWS) confronted with in a traditional SAR system. Unambiguous imaging, especially for a scene with moving targets, is one of the crucial research topics in the HRWS SAR system. This paper proposes a simultaneous imaging scheme of moving targets and stationary clutter for maritime scenarios. First, the moving target echoes are extracted from the stationary clutter. After that, two methods working in completely different principles are used to estimate the radial velocity of each moving target, and the estimated result is used for phase compensation. After that, the moving target echoes are added back to the stationary scene echo and sent to the reconstruction filter. Lastly, the reconstructed echo can be processed by the classical Chirp Scaling (CS) algorithm. Experiments are carried out using the Chinese GaoFen-3 dual-channel data. The estimated velocities of the moving targets are verified by automatic identification service (AIS) information, and the imaging results show that the false targets are effectively suppressed and the moving targets also return to their correct positions along the azimuth. single-channel system in order to avoid an ambiguous range, and the echoes of multiple channels are processed together to obtain high azimuth resolution.
Introduction
Synthetic aperture radar (SAR) is a powerful tool in many fields such as disaster management, sea traffic observation, and environmental monitoring. However, traditional SAR systems cannot meet the increasing requirements of the high-resolution and wide-swath (HRWS) at the same time, since they have different requirements for the spatial sampling rate in azimuth, i.e., pulse repetition frequency (PRF). High azimuth resolution requires a high PRF, while a low PRF is needed to unambiguously image a wide swath [1] . The azimuth multichannel SAR system, which employs multiple receiving apertures to gather information along the synthetic aperture plays an essential role in HRWS imaging since it can overcome the inherent limitations [2] . The radar PRF in each channel is less than the targets. For some special applications, users might prefer the wide-area and high-resolution image with both unambiguous stationary scenes and well-focused moving targets in their right position.
In this paper, a simultaneous imaging scheme of stationary clutter and moving targets for maritime scenarios is proposed. Given that the moving targets with strong energy are embedded in a rather weak clutter environment, their echoes are detected and extracted in range time-azimuth dechirp frequency domain efficiently and effectively. In order to make the scheme suitable for any Signal-to-Clutter Ratio (SCR) situation, two methods carried out in the signal domain, i.e., time domain correlation (TDC) method and maximum likelihood (ML)-based algorithm, are applied to estimate the radial velocity of each of the moving targets. To verify the correctness of the estimated radial velocity, it is converted to the ground velocity, i.e., cross-track velocity component on the ground. The target's along-track velocity component that causes the image defocusing is obtained by the autofocus algorithm [27, 28] . The ship's velocity calculated by combining the cross-track component and along-track component is confirmed by comparing the velocity in the automatic identification service (AIS) [29] sensor data. The rest of the paper is organized as follows. In Section 2, the imaging geometry model of the GF-3 DRC mode is described and the signal echo model of the moving target is analyzed. Several techniques of the imaging process including extraction of moving target echoes, the radial velocity estimation, and the compensated phase introduced by radial velocity are explained in Section 3. Experimental results based on the simulation and GF-3 real data are presented in Section 4, which is followed by some discussion of the experiments in Section 5. Section 6 draws the conclusions. Figure 1 illustrates the imaging geometry for the side-looking mode of the GF-3 DRC mode, where the x-axis is in the direction of the platform velocity V s , the z-axis is always from the center of the earth, and the y-axis point to the left, which completes the orthogonal right-handed frame. There is a moving target at the center of the scene where the incidence angle is θ, and its velocity is V t , which is along the earth surface. V t can be decomposed into along-track velocity V a and the cross-track velocity V rg , and then the radial velocity V r is the projection of the cross-track velocity V rg on the slant range direction. The relationship between V r and V rg can be written below. For the convenience of expression, the moving target is modeled as an ideal point target. The entire antenna is employed to transmit the chirp signal and is divided into two sub-apertures to receive echoes. Tx represents the transmit phase center, and Rx1 and Rx2 represent the phase centers of two actual receiving antennas. By compensating a constant phase with respect to the reference channel, the received data can be converted into the equivalent self-transmitting and self-receiving data corresponding to the effective phase center (EPC) [2] . Figure 2 shows the relationship between actual receiving channels and effective receiving channels. The distance between adjacent actual phase centers is d, while that between adjacent EPCs is d/2. The geometry between the platform and the moving target at different azimuth time in the slantrange plane is shown in Figure 3 . The red solid circle represents the phase center of the transmitting antenna, while the white circle represents the EPCs. During the radar observation time duration , the target moves from position A to A′. 
Geometry Model and Signal Model

Imaging Geometry Model of Dual Receive Channel Mode
V rg = V r sin(θ) .(1)
Signal Model
The symbols of the parameters used in this paper are listed as follows. The geometry between the platform and the moving target at different azimuth time in the slant-range plane is shown in Figure 3 . The red solid circle represents the phase center of the transmitting antenna, while the white circle represents the EPCs. During the radar observation time duration η 0 , the target moves from position A to A . The geometry between the platform and the moving target at different azimuth time in the slantrange plane is shown in Figure 3 . The red solid circle represents the phase center of the transmitting antenna, while the white circle represents the EPCs. During the radar observation time duration , the target moves from position A to A′. 
The symbols of the parameters used in this paper are listed as follows. 
The symbols of the parameters used in this paper are listed as follows. According to the geometry of the GF-3 DRC mode for the side-looking mode, the instantaneous slant range between the m-th EPC and the moving target at the center of the scene can be expressed as:
where x m_epc denotes the displaced length of the m-th EPC from the array center in the along-track direction, and
Furthermore, the instantaneous slant range of the moving target at azimuth position X 0 is written
Then, the received signal of the m-th channel for an ideal point moving target without channel imbalance can be expressed as:
where A 0 is the complex constant related to the reflection coefficient of the moving target, the weight coefficient of the antenna pattern, and weight factors of electromagnetic wave propagation in space. The instantaneous azimuth frequency is shown below.
Substituting Equation (2) into Equation (6), the instantaneous azimuth frequency of the moving target can be written as:
While, for a static target, the instantaneous azimuth frequency is:
The existence of the target motion results in an offset of the Doppler frequency. 
Processing Method
The whole processing flow for the simultaneous imaging scheme is shown in Figure 4 . In the first step, the moving target echoes are extracted from the stationary clutter. For the maritime scenarios, we adopted an effective and efficient approach to extract the moving targets. A coarse-focused image is obtained after range compression and an azimuth dechirp operation. In more practical applications, it is able to extract multiple moving targets without clutter suppression, which is marked with a dotted box. Then, both the static scene echo and the moving target echoes need to return to the range time-azimuth time domain in two steps. Since the estimation of the channel imbalance is affected by the moving targets, it is necessary to estimate the channel imbalance with the static scene echo. The estimated result is used to compensate the channel error of moving targets. In order to achieve simultaneous processing of static and moving targets, the phase terms introduced by radial velocity need to be compensated. Lastly, the moving targets echoes are added back to the stationary scene echo and an unambiguous image can be obtained by the reconstruction and the classical CS algorithm. The along-track velocity is calculated by the autofocus algorithm and speed over ground of the moving ship is confirmed by comparing the velocity in the AIS sensor data. Three crucial steps will be explained in detail below. is marked with a dotted box. Then, both the static scene echo and the moving target echoes need to return to the range time-azimuth time domain in two steps. Since the estimation of the channel imbalance is affected by the moving targets, it is necessary to estimate the channel imbalance with the static scene echo. The estimated result is used to compensate the channel error of moving targets. In order to achieve simultaneous processing of static and moving targets, the phase terms introduced by radial velocity need to be compensated. Lastly, the moving targets echoes are added back to the stationary scene echo and an unambiguous image can be obtained by the reconstruction and the classical CS algorithm. The along-track velocity is calculated by the autofocus algorithm and speed over ground of the moving ship is confirmed by comparing the velocity in the AIS sensor data. Three crucial steps will be explained in detail below. 
Extraction of the Moving Targets Echoes
Stationary Targets Suppression
For most maritime scenarios, it is not necessary to suppress the stationary targets since moving targets are embedded in a rather weak clutter environment with strong signals. However, in some scenarios, such as the scene close to the coast or the scene with stalled ships, the stationary target suppression is particularly important.
For the convenience of expression, it is assumed that the moving target is at the center of the scene, i.e., = 0. The received signal of the -th channel after range compression (RC) is given by:
where is also a complex constant and = • is the signal bandwidth. Substituting Equation (2) into Equation (9), _ (τ, η) can be expanded as follows: 
Extraction of the Moving Targets Echoes
Stationary Targets Suppression
For most maritime scenarios, it is not necessary to suppress the stationary targets since moving targets are embedded in a rather weak clutter environment with strong signals. However, in some scenarios, such as the scene close to the coast or the scene with stalled ships, the stationary target suppression is particularly important. For the convenience of expression, it is assumed that the moving target is at the center of the scene, i.e., η c = 0. The received signal of the m-th channel after range compression (RC) is given by:
where C 0 is also a complex constant and B = K r ·T p is the signal bandwidth. Substituting Equation (2) into Equation (9), S m_rc (τ, η) can be expanded as follows:
where K a and f m_dc stand for the Doppler rate and the Doppler centroid of the m-th channel, respectively.
It is noted in Equation (11) that the existence of the along-track velocity makes the Doppler rate of the moving target different from that of the stationary one, which will result in the moving target being unfocused. However, fortunately, the autofocus technology has solved the problem and, at the same time, the estimated result of the along-track velocity can be obtained. Thus, to pay high attention to the effects of the radial velocity, the along-track velocity is ignored in the following derivation. The Doppler rate becomes:
It is illustrated in Equation (12) that the existence of radial velocity results in a shift in the Doppler centroid. As the along-track velocity V a is much smaller than the satellite, the Doppler centroid is expressed below.
The azimuth dechirp operation is exploited to get the coarse-focused imaging, and the moving target indication can be achieved in the range time-azimuth dechirp frequency domain. The signal of the m-th channel after azimuth dechirp can be expressed as the equation below.
and the reference function can be written as:
In order to suppress clutter, 1th-channel is shifted in the azimuth direction for T d matched with the second channel, where:
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Substituting Equation (2), (3), and (14) into Equation (15), the shifted signal of the first channel can be written as:
In addition, the signal of the second channel can be expressed as:
At this point, the data of the two channels match in azimuth time, and the result of subtraction is given as follows.
where
From Equations (20) and (21), for the stationary target without radial velocity, the result of Equation (20) is zero, which means the stationary target is suppressed, while, for the moving target, Equation (20) almost becomes a single-frequency signal. Thus, after Fourier transform along the azimuth, there will be energy around the specific frequency point. The range time-azimuth dechirp frequency domain representation of Equation (20) is given below.
where { * } denotes the convolution operation and T(τ, f a , V r ) is the Fourier transform of Equation (21) . The moving target echoes can be extracted on the coarse-focused imaging later.
Extraction of the Moving Target Echoes
In the above derivation, we focused on the suppression of stationary targets. Thus, the only target in the center of the scene is considered. However, in more practical applications, it is able to simultaneously extract multiple moving targets that are sparsely distributed in the scene without clutter suppression. The signal of the m-th channel after azimuth dechirp for the moving target at azimuth position X 0 can be expressed as:
After Fourier transform along the azimuth, Equation (23) becomes:
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From Equation (25), a coarse-focused image is obtained in a range of the time-azimuth dechirp frequency domain with moving targets. However, a low PRF is adopted for the HRWS SAR system. Thus, the signal with the Doppler ambiguity is expressed as:
where N is the number of the main Doppler spectrum ambiguity. It can be clearly seen from Equation (26) that the moving target is roughly focused on the azimuth frequency of f a = −K a η c + f m_dc if there is no Doppler ambiguity. Substituting Equations (13) and (14), the expression of the azimuth frequency is given by the equation below.
We have made a reasonable approximation of the result in this scenario because x m_epc R 0 . Only when f a < PRF/2 , the position where the target appears will not be folded. Otherwise, the scene will fold into the range of −PRF/2 to PRF/2. It is noticeable, however, that no false targets will appear. From Equation (26), one can draw a conclusion that the moving targets with different radial velocities at different azimuth positions will be coarsely focused at different frequency points.
Two Methods to Estimate Radial Velocity
After extracting the moving target echoes, each echo data needs to return to the range time-azimuth time domain in two steps:
(1) Azimuth inverse Fourier transform, (2) Inverse transform of azimuth dechirp operation, where the reference function becomes
Since the estimation of the amplitude and phase errors between the channels is affected by the moving targets echoes, it is necessary that the channel imbalance is estimated with the stationary scene echo. The extracted moving target echo without channel imbalance returns to the range compressed signal, and the signal is expressed as Equation (10). In this paper, in order to make the scheme suitable for any SCR situation, the radial velocity is estimated using the TDC method and the ML-based algorithm proposed in Reference [10] . The estimation results of the two methods verify each other, and their performance comparison is given in the following section. The details of the two methods are discussed next.
TDC Method
For the DRC mode, the instantaneous slant range of each channel can be expressed as Equation (1). The azimuth time delay between the two effective phase centers is written as Equation (17). The delayed instantaneous slant range of the first channel is shown below.
Remote Sens. 2019, 11, 2275 10 of 22
The moving target echo of each channel is given by:
Conjugate multiply the two echo data to obtain the interferometric phase, which is written as:
where the angle{·} function returns the phase of a complex signal. Then, the radial velocity can be calculated by the equation below.
ML-Based Algorithm
The existence of radial velocity cases shows a certain offset of the Doppler frequency and that the cone angle of the moving target for a certain Doppler bin is related to V r . Since there is a one-to-one correspondence between radial velocity and the cone angle for a moving target, the ML algorithm transforms the velocity estimation problem to the cone angle estimation or the steering vector estimation. The steering vector matrix of a moving target for the DRC mode is shown below.
where α t,n denotes the n-th ambiguous steering vector, i.e.,
In addition, x m denotes the displaced length of the m-th actual receive phase center from the array center in the along-track direction, which can be expressed as:
The criterion of the ML estimator maximizes the following cost function.
where tr[·] represents the trace of a matrix, A is the steering vector matrix in Equation (34), and R X is the signal covariance matrix. Sample the extracted signal echo in the range-Doppler domain at a certain Doppler bin f a,k to constitute vector X:
The signal covariance matrix is acquired by the equation below.
By searching for V r and computing the steering vector matrix A, the maximum likelihood spectrum can be calculated. The maximum value of the spectrum corresponds to the ML estimation of V r . In Reference [10] , the authors average the estimated values from K Doppler bins to improve the robustness.
Compensation for the Phase Introduced by Radial Velocity
In order to achieve simultaneous processing of static and moving target echoes, the phase introduced due to the radial velocity needs to be compensated. Conduct the range Fourier transform to Equation (10) and the signal in range frequency-azimuth time domain of the m-th channel can be expressed by the equation below.
where E 0 is also a complex constant. Substituting Equations (2) and (14) into Equation (40) gives the following.
while for a static target, V r = 0, the expression becomes the following.
Clearly, the relationship between Equations (41) and (42) is given by the formula below.
From Equation (43), there are two terms caused by radial velocity. The first term is the linear component of range cell migration (RCM) for the moving target, and the second one is an offset of the Doppler frequency. The compensation function is employed to eliminate the difference between static scene echoes and moving target echoes, which can be defined as the equation below.
After multiplying by the compensation function, the moving target echoes are added back to the stationary scene echo. Lastly, an unambiguous image can be obtained by the reconstruction algorithm and the classical CS algorithm.
Experimental Results
In this section, an experiment is conducted first to compare the performance of the TDC method and ML-based algorithm. Then, simulated DRC SAR data experiments are employed to evaluate the performance of moving targets detection and extraction, radial velocity estimation, and compensation for the moving target echoes. Eventually, real data of the GF-3 DRC mode are adopted to verify the method mentioned above.
Performance Comparison of Two Radial Velocity Estimation Methods
In order to compare the performance of the TDC method and the ML-based algorithm, an experiment is conducted to evaluate the estimation accuracy under different Signal-to-Clutter Ratios (SCR). Since the two radial velocity estimation methods are applied to the range-compressed echo, the clutter is added to the echo after range compressing. In his experiment, the true value of the radial velocity of the moving target is 10 m/s, and the SCR varies from 0 dB to 20 dB. Ten experiments were performed under each SCR, where the maximum estimation error (MEE) means the result with the largest deviation from the true value. The average of 10 results is used to calculate the average estimation error (AEE). The estimation errors under different SCRs of the two radial velocity estimation methods are listed in Tables 1 and 2 . In a sense, the average of multiple experimental results can improve accuracy as much as possible, while the estimation error of a certain experiment will not exceed the MEE. From the results in Tables 1  and 2 , the ML-based algorithm shows better performance than the TDC method under various SCRs. However, the ML-based algorithm is less efficient since it needs to search for the radial velocity at some azimuth frequency points. As long as the energy of the clutter is no stronger than that of the signal in the echo domain, i.e., the SCR is larger than 0 dB, both the TDC method and the ML-based algorithm can obtain an effective estimated result. When the clutter energy is almost equal to the signal energy, the MEE of the two methods is greater than 5%. However, the MEE of the ML-based algorithm is almost twice as small as the MEE of the TDC method when the SCR is greater than 5 dB and less than 15 dB. Under the condition that the clutter is relatively weak, although the MEE of the ML-based algorithm is smaller, considering the efficiency problem, the TDC method is preferentially selected to estimate the radial velocity. In this paper, when the results of the two methods are obtained at the same time without considering the efficiency, the estimated result of the ML-based algorithm is preferentially utilized to compensate for the phase. The result of the TDC method evaluates the validity of the estimated results of the ML-based algorithm since it is credible that the two results of the two methods with completely different principles are similar to each other. However, in practice, we prefer the TDC method to estimate the radial velocity under a high SCR with an acceptable error due to high efficiency.
However, the accuracy of the estimated velocity is affected by many factors, such as residual phase error between channels. Before the velocity estimation, the amplitude and phase error between the channels is estimated and compensated, as shown in Figure 4 . If there is a residual phase error, it will affect the speed estimation result. For the TDC method, the interferometric phase with the residual phase error can be written as the equation below.
In addition, the estimated velocity can be expressed by the formula below.
The influence of the residual phase error on velocity estimation accuracy is shown in Figure 5 . The true value of the radial velocity is 10 m/s. The calculated value is obtained, according to Equation (46), while the estimated value is the result of the TDC method. In the DRC mode of GF-3, the residual phase error per 1 degree will bring an error of 0.3049 m/s to the radial velocity estimation result. In addition, the estimated velocity can be expressed by the formula below.
The influence of the residual phase error on velocity estimation accuracy is shown in Figure 5 . The true value of the radial velocity is 10 m/s. The calculated value is obtained, according to Equation (46), while the estimated value is the result of the TDC method. In the DRC mode of GF-3, the residual phase error per 1 degree will bring an error of 0.3049 m/s to the radial velocity estimation result. 
Simulation Experiment
The simulation experiments of the DRC mode are carried out according to the GF-3 satellite parameters shown in Table 3 . The simulated echo data without channel imbalance is designed to make static targets unambiguous for convenience. In the experiment, there is a static target and a moving target whose radial velocity is 10 m/s and the along-track velocity is not taken into account in this case. It should be emphasized that they are in the same azimuth position but at different range bins. Figure 6a . The main targets are circled in red, while the false targets of the moving 
The simulation experiments of the DRC mode are carried out according to the GF-3 satellite parameters shown in Table 3 . The simulated echo data without channel imbalance is designed to make static targets unambiguous for convenience. In the experiment, there is a static target and a moving target whose radial velocity is 10 m/s and the along-track velocity is not taken into account in this case. It should be emphasized that they are in the same azimuth position but at different range bins. In this case, we present the imaging result of simulated echo data without any operation on the moving target in Figure 6a . The main targets are circled in red, while the false targets of the moving target are in the yellow circles. False targets will arise along the azimuth direction in the imaging results if the moving target is addressed along with the static one. The azimuth profiles of imaging results are shown in Figure 6b ,c, which correspond to the azimuth profiles of the static target and the moving target in Figure 6a , respectively. The maximum power of false targets relative to the real one is −38.9 dB. From Figure 6 , the moving target is focused on the incorrect azimuth position since it should be the same as the static target.
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Real Data of GF-3
The proposed method of simultaneous imaging of stationary clutter and moving targets is applied to real data of GF-3. We selected two typical maritime scenes with one or more moving vessels to verify the proposed method.
In the first maritime scene, there is only one moving ship. The coarse-focused image after azimuth dechirp is shown in Figure 9a . It is impossible to firmly determine which strong point target is the vessel under the influence of the scene folding. Therefore, stationary target suppression is necessary. It can be seen from Figure 9b that the moving vessel was extracted after the clutter was suppressed. The estimated radial velocities of the TDC method and ML-based algorithm are -5.78
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Real Data of GF-3
In the first maritime scene, there is only one moving ship. The coarse-focused image after azimuth dechirp is shown in Figure 9a . It is impossible to firmly determine which strong point target is the vessel under the influence of the scene folding. Therefore, stationary target suppression is necessary. It can be seen from Figure 9b that the moving vessel was extracted after the clutter was suppressed. The estimated radial velocities of the TDC method and ML-based algorithm are −5.78 m/s and −5.82 m/s, respectively. (The direction of radial velocity along the range direction is positive.) Since the SCR in this experiment is 20.0345 dB, the two results are highly accurate, according to Tables 1 and 2 . Regardless of efficiency, we take −5.82 m/s as the result to compensate for the phase term introduced by the radial velocity. The image before compensating for the moving target echo is shown in Figure 10a . Similarly, the red circle contains the real ship target and three false targets visible to the naked eye are circled with the yellow circle, and the imaging result after compensating for the phase term is shown in Figure 10b . Comparing Figure 10c ,d, the false targets are suppressed so that they are submerged in the clutter and cannot be recognized. Since the SCR in this experiment is 20.0345 dB, the two results are highly accurate, according to Table  1 and Table 2 . Regardless of efficiency, we take -5.82 m/s as the result to compensate for the phase term introduced by the radial velocity. The image before compensating for the moving target echo is shown in Figure 10a . Similarly, the red circle contains the real ship target and three false targets visible to the naked eye are circled with the yellow circle, and the imaging result after compensating for the phase term is shown in Figure 10b . Comparing Figure 10c Fortunately, the AIS information of the ship that coincided with the imaging time of Figure 10 was successfully obtained. It is shown that the ship's speed over ground (SOG) is 20 knots, which means 10.27 m/s, and the course over ground (COG) is 240 degrees relative to the north. The estimated radial velocity of the ship in Figure 10 is -5.82 m/s, and the incidence angle at the ship is 40.5 degrees. Thus, the cross-track velocity on the ground is 8.9615 m/s calculated by Equation (1) . The along-track velocity is -5.1751 m/s obtained by autofocus technology [27, 28] shown in Figure  11 . (The direction of the along-track velocity along the azimuth direction is positive.) Combined with the two components of the velocity of the moving target, the speed of the ship on the ocean surface in Figure 10 Fortunately, the AIS information of the ship that coincided with the imaging time of Figure 10 was successfully obtained. It is shown that the ship's speed over ground (SOG) is 20 knots, which means 10.27 m/s, and the course over ground (COG) is 240 degrees relative to the north. The estimated radial velocity of the ship in Figure 10 is −5.82 m/s, and the incidence angle at the ship is 40.5 degrees. Thus, the cross-track velocity on the ground V rg is 8.9615 m/s calculated by Equation (1) . The along-track velocity is −5.1751 m/s obtained by autofocus technology [27, 28] shown in Figure 11 . (The direction of the along-track velocity along the azimuth direction is positive.) Combined with the two components of the velocity of the moving target, the speed of the ship on the ocean surface in Figure 10 In the case of high clutter energy in maritime scenes, false targets are sometimes not easily identified. Nevertheless, judging from the trajectory of the ship on the image, the ship deviated from the correct position. First, the echoes of the three ships need to be extracted. However, due to the interference in the lower part of the scene and the folding of the scene, it is not easy to directly identify the moving target on the coarse-focused image shown in Figure 12a . The result of clutter suppression in Figure 12b tells which target is the moving one. In Figure 13b , the ships return to the right position, which means it is focused on its trajectory, by compensating the phase related to the radial velocity. The estimated results of the two methods In the case of high clutter energy in maritime scenes, false targets are sometimes not easily identified. Nevertheless, judging from the trajectory of the ship on the image, the ship deviated from the correct position. First, the echoes of the three ships need to be extracted. However, due to the interference in the lower part of the scene and the folding of the scene, it is not easy to directly identify the moving target on the coarse-focused image shown in Figure 12a . The result of clutter suppression in Figure 12b tells which target is the moving one. In the case of high clutter energy in maritime scenes, false targets are sometimes not easily identified. Nevertheless, judging from the trajectory of the ship on the image, the ship deviated from the correct position. First, the echoes of the three ships need to be extracted. However, due to the interference in the lower part of the scene and the folding of the scene, it is not easy to directly identify the moving target on the coarse-focused image shown in Figure 12a . The result of clutter suppression in Figure 12b tells which target is the moving one. In Figure 13b , the ships return to the right position, which means it is focused on its trajectory, by compensating the phase related to the radial velocity. The estimated results of the two methods In Figure 13b , the ships return to the right position, which means it is focused on its trajectory, by compensating the phase related to the radial velocity. The estimated results of the two methods are listed in Table 4 . The result of the autofocus technology about the three ships in Figure 13 is shown in Figure 14 .
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(a) (b) Figure 13 . Imaging results of Scene 2 with three moving ships: (a) before compensation for the moving target echoes, and (b) after compensation for the moving target echoes. are listed in Table 4 . The result of the autofocus technology about the three ships in Figure 13 is shown in Figure 14 .
Discussion
(a) (b) Figure 13 . Imaging results of Scene 2 with three moving ships: (a) before compensation for the moving target echoes, and (b) after compensation for the moving target echoes. 
The experimental results in Section 4 demonstrate the effectiveness of the proposed method of integration of moving target detection, velocity estimation, location, and simultaneous imaging for both the static scene and moving targets. These experiments focus on the processing of moving targets in the echo domain since the channel imbalance has been compensated and the non-uniform sampling problem of the stationary scene will be solved in the final step simultaneously with the compensated moving target echoes. From the imaging results in Figures 9-14 , there is little ambiguity in the whole scene for both the static scene and the moving targets after processing.
It is vital to estimate radial velocity accurately for the false targets suppression and relocation of the moving targets. In experiments with real data, we evaluate the validity of the estimated results in the following ways. (1) If the estimation results of the two methods working on completely different principles are similar, the results are considered reliable. (2) If the false targets of the moving targets are submerged in the clutter from the processed image, the estimated results are accepted. (3) If the moving targets on the ocean scene are focused on the right position after compensation judging from the trajectory, it is believable that the estimated result is close to the true value. (4) Combined with the AIS sensor data, which contain velocity information about the ship, the estimated result can be verified directly. It is a time-consuming task to find the AIS information of each ship on the corresponding image. The first three methods are preferred schemes used to verify whether the result is reliable.
In addition, extracting the moving targets echoes in the range time-azimuth dechirp frequency domain has some restrictions on the scene due to the targets folding, according to Equation (26) . For some scenarios with a few vessels such as scene 1 and scene 2 used in Section 4.3, even if the scene is folded, the sparse distribution of vessels does not affect the echo extraction. However, if there are many vessels in the scene and the synthetic aperture lasts a long time, the folding of the scene may cause the vessels with different velocity and position to focus on the same azimuth frequency point. This problem greatly affects the performance of the moving target detection. We can also derive the condition that satisfies the non-folding scene referring to Equation (26) . The azimuth time limitation of deviation from the center is given by the formula below. 
Thus, for the scene with a great deal of moving vessels, the echo should be divided into several segments, according to the synthetic aperture time. In addition, each segment is also processed with the proposed scheme.
In summary of the above two points, the quality of the results depends on two aspects. One is the accuracy of the radial velocity estimation, and the other is the limitation of the scene. The accuracy of the radial velocity estimation is affected by many factors, such as the residual phase error between channels mentioned in Section 4.1, the moving ships' shaking with the waves, and more. If the estimated result is not accurate, the false targets cannot be completely suppressed, and the processing result will be poor. On the other hand, the complexity of the scenario affects the outcome. If there are multiple islands in the scene or multiple ships in the same range bin, the difficulty of processing will be greatly increased.
Conclusions
In this paper, a simultaneous imaging scheme of stationary clutter and moving targets for maritime scenarios is proposed to obtain an unambiguous image based on the first Chinese dual-receive channel SAR sensor. The azimuth ambiguity of the stationary scene can be eliminated by correcting amplitude and phase imbalance between channels and the reconstruction algorithm, while the false targets of the moving target are suppressed by compensating the phase result from the radial velocity. Moving target echoes need to be detected and extracted first on the coarse-focused imaging prior to estimating the radial velocity. The TDC method and ML-based algorithm working in the echo domain are utilized to estimate radial velocity. After that, the compensated moving target echoes along with a stationary scene echo are reconstructed to obtain an unambiguous SAR image with moving targets relocated in the correct azimuth position. The experimental results show the effectiveness of the imaging scheme. Moreover, the AIS sensor information is employed to verify the estimated result. The proposed procedure has great potential for application in future HRWS SAR systems. 
